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ENGINE WHEN SUBJECTED TO STEP CHANGES IR
FUEL FLOW

By Arthur H. Bell and J. Elmo Farmer

SUMMARY

An Investigatlon was conducted on a typical centrifugal -~
compressor-type turbojet engine %o determine the operating charac-
teristics during changes in engine speed resulting from sudden :
changes in fuel flow. The experimental dats presented are suit-
able for use in the study of control problems associated with
transient operation. The data show the variations with time of
engline speed, thrust, fuel flow, and oritical gas and material
temperaturee caused by sudden changes In fuel flow.

The investigatlon shows that the gas temperature a2t the tail-
cone exit indicates the approximete turbine-blade temperature dunr-
ing periods of acceleration and decelerstion. The time required
for rotor speed Lo become stable was approximately the same for
both accelerations and decelerations of the same magnitude over
the same range of speeds. |

INTRODUCTION

The design of sutomatic controls for a gas-turbine engine
requires knowledge of a mumber of characteristic relatliona for the
engine under consideration. The rate of change of englne speed
with various changes in fuel flow, for instance, must be known 1in
order that the proper choice of constants mey be made for & speed
control to prevent hunting or overshooting. Temperature-acceleration
relations must be known so that controls can be designed to
protect the engine against excessive temperatures during acoelera-
tion. Other characteristics, such as blow-out limits, must be
known so controls can be designed to insure continuous operation
of the englne durlng acceleration and deceleration.
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Experimental data obtained at the NACA Lewls laboratory dea-
cribe the engine operating characteristics during transilent con-
ditions of a centrifugal-compreasor-type turbojet engine typical
of current design practice. The investigation included obaserva-
tion of englne operation at sea~level conditions during perlods of
acceleration and deceleration over wide ranges of engine speed.

The acceleration and deceleration data were ocbtained in such
& manner that they are characterlstic of the engline alone and
esgentially independent of the externel fuel system and engine
operator. The engine fuel system was modlfied to provide for a
change of fuel flow 1n a well-defined single step by installing
a gsecond throttle and solenold valve in a bypass line around the
main engine throttle. This alteration in the fuel system made
possible very rapid changes Iln the one Independent varlable, fuel
flow. During perlods of acceleration and deceleratlon, measure-
ments were made of the variation with time of engine speed,
thrust, various ges temperatures, and turbine-blade temperature.
The data presented herein ere snitable for use in the study of
control problems associated with transient operation of turbo-
Jjet englnes having centrifugel compressors.

APPARATUS ARD PROCEDURE
Engine

The turboJjet engine used has a centrifugal compressor with
14 can-type burners, a single-stage turbine, and & fixed-area
exhaust nozzle. The meximum rated engine speed 1s 11,500 rpm.
In this investigation, the engine 1s considered typlical of cur-
rent design practice and performance for productlon centrifugal-
compressor-type turbojet engines. The test stand was of the static-

thrust type with a pendulum mounting.

Fuel System

The engine fuel system was altered to make possible very rapid
changes in fuel flow. Thils alteration allowed the acceleration and
deceleratlion characterigtica of the engine to be determined inde-
pendently of external fuel-system characteristics andi operating

technique.
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The fuel system used included an suxiliary throttle and a
golenoid valve installed in series in a bypass line around the main
throttle., With the solenoid valve closed, the maln throttle was
ed jugted to give a desired lower engine speed. The solenoid valve
was then opened and the auxiliary throttle adjusted to pass addl-
tional fuel to give a selected higher englne speed. The fuel flows
for any two steady-state englne speeds could thus be esteblished
and the necessary rapld change 1n fuel flow for acceleratlion or
deceleration between the two engine speeds was obtained by opening
or closing the solenoid valve. The rapid changes in fuel flow
obtained in this manner will be referred to hereinafter as "step
changes"” although the changes were not instantaneous.

Fuel flow was measured by use of an orifice in the main fuel
line and a gage, which measured the pressure drop across the ori-
flce. A preliminery investigation of the response rete of the
fuel-Tlow-measuring instrumsntation showed that the instrumenta-~
tion was capable of following much more rapid flow-rate changes
than those encountered during the engine runs. The time required
for fuel flow to change from one value to another, however, was
found to vary with the length of hose downstream of the orifice and
with the amount of outlet restriction. It 1s therefore presumed
that the indicated time required for the fuel flow to change from
one value to another when the solenold valve In the bypass line was
operated was primerily caused by the fuel-system configuration rather
‘than by any limitation in the messuring equipment.

Turbine-Blade Thermocouple Installation

Turbine~-blade temperatures were indicated by one thermocouple
in the leading edge of each of six turbine blades. A hole was
drilled in each of the blades from the bottom of the root to the
leading edge. Chromel and alumel wlres were passed through a two-
hole Alundum insulatlion tube, which was then encased In a stalnless-
stesel tube. This assembly was pasied through the drilled hole in a
turbine blade, as shown in figure 1. The thermocouple Junction was
then welded into the leading edge of the blade and the surface
finished to the original contour of the blade. The thermocouple
Junctions were located midway between the blade root and the blade
tip.

The tubes containing the thermocouple wires were attached to
the fir-tree root (fig. 1), and then were passed along the downstream
face of the turbine wheel to a terminal block at the hub. The tubes
were fastened to the wheel with small straps spot-welded to the wheel.
The installetion on the turbine wheel is shown In figure 2.
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Six pairs of chromel-aliumel leads were lnstalled from the ter-
minal block through hcles in the centers of the turbine and com-
preagor shafts to a slip-ring mechanism at the forward end of the
engine. The slip-ring mechanism (fig. 3) consisted of 12 copper
rings on a shaft comnected directly to the engine compressor shaft.
Brushes made of copper were mounted on & bakelite block, which was
plvoted in such e manner that the brushes could be lifted from the
8lip rings vhen not in use. This arrangement was provided to
decreage wear on the slip rings and brushes. The brush preesure
during contact was adjusted to approximately 40 pounds per square
inch. A steam~heated uniform-temperature box was provided at the
end of the slip-ring assembly to house the Junctions between the
chromel ~alumel lead wires and the copper wires that led to the slip
rings. The clrcult was completed, as shown in figure 4, through a
selector switch and the uniform~temperature box to a recording
potentiometer.

Because only one potentiometer was used for blade-temperature
measurement, It was possible to use only one of the blade thermo-
couples for any gliven acceleration or deceleration run. The indi-~
cated temperatures of all slx thermocouples were so similar that if
trouble was experienced with one thermocouple another could be used
wlthout stopping the engine to make repairas.

Gas -Temperaturs Thermocouple Installation

All gas temperatures were meassured with bare chromel-alumel
thermocouples of 18-gage wire. Figure S5 is an ocutline of the engine
showing axial positions of temperature-measuring stetions on the
engine., The burner-exit gas temperature was cobtained from one of
the burners upstream of the nozzle diaphragm. The gaas temperature
at the tall-cone exlt was an average reading obtained by connecting
14 thermocouples in parallel to a single indicator. These 14 thermo-
couples extended radially 2 inches Into the tall plpe and were
equally spaced circumferentially about the tall pipe. The gas tem-
perature at the tall-pipe exlit was obtained from one thermocouple
at the center of the gas stream.

Thrust Meter
Engine thrust was measured by strain gages mounted on a thrust

link. The straln-gage circuit was connected to a self-balancing
potentiometer, the drive motor of which was connected to an indicating

1215



w

ST2T

NACA RM E9Kz25a 5

dlal. A check run on the response rate of this system showed it to
be capable of followlng thrust changes during acceleration and deceler-
atlon with negliglble leag. '

Data Recording Apparatus

Date for the acceleration and deceleration runs were obtained
by photographing a panel of instruments with a motion-~-picturs camera
at the rate of 12 frames per second. In analyzing the data, read-
ings from many of the frames representing nearly linear rates of
change were omitted to save time. A photograph of the inatrument
panel, taken while the engine was inoperative, is shown in figure 6.
The tempereture Indicators used with the gas-temperature thermo-
couples were of the millivoltmeter type with fixed-resistance lsads.
A tachometer Indicated engine speed in revolutions per minute, and
time wag indlicated by a clock reading in thousandths of a minute.
The horizontal scale of the self-balancing recording potentiomster
was placed at the bottom of the paenel so that the indication of
Surbine-blade temperature could be photographed in addition to the
recording on the chart. Other instruments shown were not used dur-
ing the lnvestigation reported.

RESULTS AND DISCUSSION
Acceleration

Results of the acceleratlon runs are presented in figure 7 and
the change in englne speed that corresponds to the data of each part
1s given in teble I. Each part of figure 7 consists of seven curves,
four representing burner-exit, turbine-blade, tall-cone-exit, and
tall-pipe-exit temperatures and three representing engine speed, fuel
flow, and thrust as functions of time. The zero point on the time
scale corresponds with the lnstant of opening or closing of the sole-
noid valve in the fuel-system bypass line. The four temperature
curves were not corrected to standard condliions Inasmuch as the
proper corrections for turbine-~blade temperatures were not known.
The engine-speed, fuel-flow, and thrust curves represent data that
have been corrected to NACA standard sea-level conditions by the
use of 8 (ratio of engine-inlet stabic pressure to NACA standard
sea-level pressure) and 6 (ratio of observed compressor-inlet
temperature to NACA standard sea-level temperature). The various
values of 8 and € are included in the figure sublegends.
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An srrow was placed on each curve at the point at which the
slope became approximately zero to make it easier to visualize the
time necessary for the different variables to reach steady-state
conditiona. The curve of fuel flow agalnst time in figures 7(e), 7(J3),
7(o), and 7(p) shows a tendency to level off before reaching & maxi-
mum velue and then to increase more slowly toward the stealdy-state
value. This pecullarity wes observed only where the changes in
fuel flow were exceptionally large and is atiributed to the fact
that the output of the engine-driven fuel pump increased as the
englne speed accelerated.

Inasmuch ag the temperature curves were obtained by the use of
bare-wire thermocouples and the necessarlly small amount of instru-
mentation, 1t is emphaslzed that the Indicated temperatures mey be
somewhat different from the true station temperatures. The shapes
of the curves are slgnificant, however, and a number of inbteresting
trends can be observed. For example, the curves show that the gas
temperature at the tall-plipe exit in almost all cases overshoots
soon after an increese in fuel flow is made and then graduelly drops
back to an equilibrium level as engine speed Increases to a steady
value. The curves of gas temperature at the tall~cone exit show,
however, that,in general, overshooting took place only when the step
change in fuel flow was large and the initlal engine speed wes
8000 rpm or less. The gas temperature at the burner exit did not
overshoot appreciably with any step change in fuel flow, except when
engine speed wag below one-half rated speed and fuel flow was sud-
denly increased to the reted-speed value, as shown in figure 7(o).
The turbine-blade temperatures only momentarily exceed filnal steady-
state values when the burner-exit gas temperatures overshot.

Anelysis of these temperature trends leads to the following
hypothesis: Twmedlately after fuel flow ls suddenly lncreased, a
large portion of the fuel Increment passes through the burners and
burns in the tail plpe. As engine speed (end therefore air flow)
increases, the zone of secondery burning moves ferther upstream,
untll as the speed approaches an egquilibriwm velue all burning
tekes place in the burnmer. It ls apparent that during the process
of engline acceleratlon, gas temperatures measvured in the tall pipe
are not indicative of turbine-blade temperatures. The tail-~pipe
gas temperature may rise considerably above ite final steady-state
value without any accompanying overshooting of turbine-blade
temperature. At en engine speed of 8000 rpm (uncorrected),
suddenly increasing fuel flow to the maximum-rated-speed value
dld not cause turbine-blade temperatures to exceed the final
steedy-state value (fig. 7(e}). At 7000 rpm (uncorrected),
suddenly increasing fuel flow to its meximm-rated-speed value
caused turbine-blade temperatures to overshoot by about 50° F

=
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(fig. 7(p)). The curves of turbine-bladé temperature (fig. 7)
show about the seme trends as the gas temperature at the tail-
cone exit.

As mentioned previously, the turbine-blade temperature was
measured at a polint very near the leading-edge surface., Because
the trailing edge of the blade is thinmer than the leading edge,
1t appears loglcal that the tralling edge would respond more
gqulckly to changes In gas temperature than the leading edge. An
examination of the temperature curves Indicates, however, that the
leading-edge tempersture responds almost as guickly as the bare-
wire thermocouples used to measure gas temperatures. I& therefore
appears llkely that the rate of temperature change of the trailing
edge cannot be much greater than that of the leadlng edge. The
trailing-edge temperature would therefore not be expected to over-
shoot appreciably more then the leading-edge temperature.

Deceleration

The results of the deceleration runs are presented in figure 8
end the change 1ln engine speed that corresponds to the data of each
part is given in teble II. These figures are plotted In the same
menner as the acceleration curves. Although engine speed drops off
rapidly as soon ag fuel flow is reduced, the time required for
speed to reach eguilibrium is of the same order of magnitude as
the time required for accelersation through the same speed range.

The measured temperatures decreased smoothly durling deceleration.

It might be expected that the temperatures during deceleration would
reach Intermedlate values lower than the final value, and then
increase to an eguilibrium value inasmuch as fuel-air ratio is momen-
tarily reduced below the final gteady-state value when the fuel flow
is suddenly decreased. However, no such undershooting was observed;
Instead, the temperatures in all cases decreased gradually to the
new equllibrivm values. It is presumed that this apparent absence
of undershooting mey be caunsed by radiation to the thermocouples
from the fleme in the burnere and from nearby metal surfeces having
appreciable thermal lag.

General Performance

The engline performed in a steble and wniform manner throughout
the entire investigation except when attempts were made to accelerate
from engline speeds below 5000 rmm to rated engime speed by changing
fuel-flow rate from the low to the high value In one step. Under
such conditions, turbine speed either failed to Increase or decreased
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for an appreciable length of time (3 to 5 sec) before beginning to
increase toward the rated-speed value. This phenomenon mey bé attrib-
unted to very poor combustion efficiency resulting from the momentary
over-rich fuel-alr mixture. No instances of complete engine blow-

out occurred durling deceleration even when the fuel flow was rapidly
reduced from the maximum value to that required for 1dling.

SUMMARY OF RESULTS

An investigatlon conducted on a typlcal centrifugal ~compressor-
type turbojet engine to detexrmine the effect of step changes in fuel
flow on engine operating conditions gave the following results:

1. Gas-temperature measurement at the tail-cone exlt indicated
approximate turbine-blade temperature during periocds of acceleration
and deceleration.

2. Time regqulvred for rotor speed to reach equilibrivm was
approximately the same for acceleratlons and decelerations of the
semes magnitude over the same range of speeds.

Lewls Flight Propulslon Laboratory,
National Advisory Commititee for Aeronsutics,
Cleveland, Ohilo.
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TABLE I - ENGINE SPEEDS AT BEGINNING AND END
OF EACE ACCELERATION

Uncorrected englne speed, rmm
Figure Beginning of End of
acceleration acceleration
7(a) 8,000 8,500
7(b) 8,000 9,000
7(e) 8,000 9,500
7(d) 8,000 11,000
7{(e) 8,000 11,500
7(£) 9,000 9,500
7(g) 9,000 10,000
7(h) 9,000 10,500
7(1) 9,000 11,000
7(J) 9,000 11,500
7(k) 10,000 10,500
7(1) 10,000 11,000
7(m) 10,000 11,500
7{n) 11,000 11,500
7(0) 5,000 11,500
7(p) 7,000 11,500

“!ﬂﬁg”’
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TABLE IT - ENGINE SPEEDS AT BEGINNING AND END

OF EACH DECELERATIOR

Uncorrected engine speed, rpm
Figure Beginning of End of

deceleration deceleration
8(a) 11,500 11,000
8(b) 11,500 10,500
8(c) 11,500 10,000
8(d) 11,500 5,000
8(e) 11,000 10,500
8(f) 11,000 10,000
8(g) 10,500 10,000
8(h) 10,500 9,000
8(1) 10,000 9,500
8(J) 10,000 9,000
8(kx) 9,500 9,000
8(1) 9,000 8,500
8(m) 9,000 8,000

“!ﬁiﬁ,”
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Figure 1. - Turbine-blade thermocouple installatlion before welding and fairing of leading
edge,

Flgure 2, - Turbine whesl showlng thermocouple leads end terminal bloock.






NACA RM ES9K25a 13

Figure 3. = Slip-ring mechanism and uniform-temperature box for comecting twrbine-blade
thermocouples to potentlometer,

Copper slip ring

Copper

Thermocouple on Steam in brush

turbine blade

Alumel Copper

Chromel I I Copper 44/;::\rq

Selsctor
swltch

Uniform- N k_‘
temperature -
Chrome 1] box Copper
Alumel 1 L Copper
Self-balancling
potentiometer

Steam out

Figure 4. - Schematlc diagram of thermocouple installation for measuring
turblne~blade temperatures.
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Burner-exlt temperature

Tall-cone-exlt Lemperature Tall-pipe~exlt
(14 thermocouples) . ‘temperature

Turbine-blade temperature -

Figure 5. - Axial positioms of temperature-measuring statioms on engine,

wAsteN PLIERMINMLTER
a .
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Figure 6, - Instrument panel uwged for photographically obtaining data,
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(m) Degslaration, 9000 to 8000 rpm; VO, 1.020; 6, 0.9743.

Plgurs 8. - Concluded. Decelsration charaoterlatiocs with step ohangs in fuel flow vorra-
aponding to change in uncorrscted engine speed. Arrows indicnte time at which equilibrlom
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